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1 Introduction and Objectives

The 2017 Drillbotics™ competition marks the second year that a team from the
Clausthal University of Technology, Germany is participating in the competition.
Based on the 2017/18 Drillbotics™ competition guidelines, the objective of this year's

competition is “to design a rig and related equipment to autonomously drill a vertical

well as quickly as possible while maintaining borehole quality and integrity of the

drilling rig and drillstring”.

Drilling automation is currently gaining an increased interest from the oil and gas
industry, equipment manufactures, and research organizations. Automating the
drilling process is considered to offer safety improvements during drilling operations,
less drilling time requirements, increasing accuracy in data acquisition, better well
placement and quality, and a reduction of the costs. In automated drilling systems,
the operating parameters are optimized by acquiring relevant data, assessing the
data and adjusting the operating parameters without human interference. Ideally, the
automation level reaches tier three, which describes a stage in which the automation
has evolved to decide and act autonomously.

The purpose of this proposal is to showcase a well-conceived design plan of a small
scale drilling robot that incorporates important features that are essentially
encountered in the field. Emphasis has been placed on implementing different and
new ideas and solution in the design that are not commonly or frequently used in the
conventional drilling process to fulfill the demands of drilling a fast, vertical trajectory
utilizing an automated process that from a human intervention point of view only
knows the activation of the start button.

The proposed drilling robot design consists of the following surface components:

A standard framework rig structure, a hoisting system that uses a non-rotating screw
jack, a top-drive rotary system, and a circulation system that is powerful enough to
operate a downhole percussion drilling tool. In addition, the downhole tool design
incorporates chambers for a battery to power a gyroscope, accelerometer, and a
radio device for downhole data acquisition.

Furthermore, a rotary-percussion drilling component is implemented in the BHA. The
percussion drilling concept is offered in this proposal because of its potential to
considerably increase the ROP for hard and very hard rock formations and the ability
to drill a straight well trajectory without the natural tendency to turn to the right as

encountered in conventional rotary drilling systems. In percussion drilling, impact,

1
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collision or vibratory shock is used to cut the rock. At this point in the design phase, it
is also envisioned that the percussion action of the bit will provide further information
about the hardness, fracturing of the rock and changes in formation by interpretation
of the collected, normalized vibrational data that is obtained through the sensory
tools placed in the BHA.

The automation system will be employed to improve and optimize drilling
performance, avoid human intervention and, at the same time, maintain safety of the
operation. The automation is achieved by using downhole and surface sensors and
applying suitable control algorithm to self-control the drilling operation. Different types
of sensors are included in the design plan to measure rotational speed and torque of
the drillstring, weight on bit (WOB), pressure, displacement, and flow rate. Other
sensors, which are located in the BHA, measure vibrations, angular velocities and
accelerations. This data is transmitted via a radio device.

The data acquisition process during drilling feed the respective parameters used in
the control algorithm that controls the output parameters to influence the drilling
process.

The proposed control scheme, which is planned to be implemented in the model test
stand is based on a two layer approach. A constraint box will function similar to a
master function to define a safe operating envelope considering mechanical
limitations that must not be exceeded at any time. Within the constraint environment,
access to drilling parameters is granted via the TCP/IP communication protocol to
implement a unique drilling control algorithm from any connected station.

For the purpose of the unique drilling control algorithm, provided by our team, two
different approaches will be elaborated:

1. The first concept comprises a finite state machine which is a functional form of
application planning and enables the implementation of decision-making algorithms
that allow the automation of the drilling rig system. It follows a certain predefined
sequence of process steps.

2. The second concept considers an intelligent controller for the optimization of
the drilling process. A fuzzy control system will be implemented to achieve that
particular goal by focusing on constraints, such as rotational speed, pump rate and
WOB by minimizing the specific energy and, thus, maximizing the ROP.

The constraints, such as the strength of the aluminum drillpipe, are set in the

program via an operating envelope as a limiting factor for the drilling automation. The
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aluminum drillpipe is assumed to be the weakest part along the drillstring that will

govern the maximum weight on bit (WOB), drillstring rotation speed (RPM), applied

torque, and internal pressure. Some dysfunction problems, such as stick slip and

vibration, are addressed in the design plan. The corrective action and mitigation plan

for each dysfunction problem will be included in the control algorithm to support self-

control once enough experience from actual test drilling has been obtained in the

testing and optimization phase of the competition.

This proposal consists of several chapters as follows:

1.

Introduction and Objectives

The Introduction and Objectives of this report sets the objectives of the
proposal and the project. A brief description of the proposal content is
explained herein.

Basic Calculations

The selection of the basic drilling parameters such as flow rate, drillstring
rotation speed, pressure, and other parameters are described here. The
selection and determination are based on engineering calculation and design
by considering predetermined constraints. The engineering calculation results
will be used as basis for the rig design and drilling automation plan.

Rig Design

This chapter explains the rig structure design, the machine bed, the hoisting
system, the sled, and the top drive system.

Electrical System

This chapter explains the control system, used sensors and control system
architecture with the associated algorithm proposal for an autonomous
operating drill rig. Additionally, the measurement and instrumentation control
for data acquisition plan is discussed in detail.

BHA Design

This chapter explains the bottom hole assembly (BHA) design.

Percussion Drilling

The rotary-percussion drilling idea is offered in this proposal in order to
improve the ROP in hard formations and furthermore to explore the potential
of determining rock properties, such as hardness. The theoretical part is set in

this chapter.
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7. Safety Consideration
Health and safety (HSE) is a main aim of every drilling operation. This chapter
discusses the risks and potential harmful events that could occur during the
test. Precaution and mitigation plan are set to prevent undesirable events,
including the rig structure design and drilling automation system that can
accommodate the safety consideration.

8. Expense Plan
The requirement of equipment and tools and the expenses plan are described

in this chapter.

This report is an update of the previous design report submitted for the Drillbotics™
international university competition 2016/17.
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Based on the 2017 Drillbotics™ competition guideline, some assumptions and basic

information for calculation and engineering design are summarized in Table 1 to

Table 5:

Table 1: Drilling hole and rock data

Drilling hole and rock data
Hole diameter (d;)

Rock strength

Cutting concentration (Cconc)
Height of rock

Cutting density (ps)
Diameter cutting (dy)

ROP

Table 2: Drilling fluid data

Drilling fluid data
Water viscosity (M)
Water density (pw)

Field unit
1.125in
2-5 ksi

1.5%

2 ft
22.07 ppg
0.04 in
0.8 ft/hr

Field unit

1cp

8.33 ppg

Metric unit
2.86 cm
13.8-34.5 MPa
1.5%
0.6m
2650 Kg/m®
1.016 mm
0.24 m/hr

Metric unit
0.001 (Pa.s)
1000 Kg/m?®

Table 3: Aluminium drillpipe data

Aluminium drillpipe data
Ultimate Tensile Strength
Yield strength (Ys)
Modulus of elasticity (E)
Weight
Outside diameter (d,)
Outside radius (ro)

Inside diameter (idp)
Inside radius (r))
Wall thickness (t)
Length (Lgp)

Roughness

Field unit
15594 psi
13779 psi
10x10° psi
4.7 Ib/ft
0.375in
0.1875in
0.277 in
0.1525in
0.049 in
36in
0.0006 in

Metric unit
110 MPa
95 MPa
69 GPa

0.07 Kg/m
9.53 mm
4.76 mm
7.04 mm

3.8735 mm

1.2446 mm
0.91m

0.0152 mm



ﬂm TU C 1 a u S th al Drillbotics - Phase | Design Report

Table 4: Stabilizer/downhole BHA data

Stabilizer/downhole BHA Field unit Metric unit

data
Outside diameter (dq) 0.8in 20.3 mm
Inside diameter (idg) 0.61in 15.2 mm
Wall thickness (t) 0.1in 2.54 mm
Length (Lgw) 3.5in 8.9cm
Roughness 0.0006 in 0.0152 mm

Table 5: Bit data

Bit data [DSATS provided] Field unit Metric unit
Bit diameter 1.125” 28.6 mm
Nozzle diameter 0.093in 2.35 mm
Discharge coefficient 0.95 0.95

2.2 Limit Calculations

The aluminium drill pipe can be considered as one of the weakest parts in the entire
string next to a connection. The following calculated values for buckling, burst and
torsion maxima, are based on the scenario that no other forces are acting on the
component for the calculation. The maximum values are good indicators, aiding in
the selection of the appropriate equipment and parameters for the drilling robot, such
as the maximum WOB for the hoisting system, maximum torque value for the top

drive motor, and the feasibility of high pump pressures for the percussion system.

2.2.1 Buckling Limit Calculation

Buckling is characterized by a lateral deformation or failure of a structural member
subjected to high axial compressive stress, where the compressive stress at the point
of failure is less than the yield strength that the material can withstand. The critical
buckling load limit of the aluminium drill pipe is calculated by the following Euler
equation (assuming both of the pipe ends are pinned) [1]. First the moment of inertia

I is determined:

T T
I'= 6_4(d§ —idy) = 7 (0.375% — 0.277%) = 0.000682in* (2.8 x 10~ 1%m*)

6
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Where:
d,:  Outside diameter of the drillpipe
idy,: Inside diameter of the drillpipe

Then the critical buckling load,Z.,., is calculated [1]:

, _7T2*E*I_n2*10000000*0'000682—5196lb 231.11 N or 23.57 k
bcr — (K * L)Z - (1 * 36)2 - . f ( . or . g)

Where:
Critical buckling load

Pyer:
Modulus elasticity of the aluminium drill pipe

E:
I: Area moment of inertia

L: Length of the column

K Column effective length factor

Based on the scenarios of buckling failure, there are several recommendations in
respect to the effective length factor (K), as illustrated in Figure 1 and Table 6. The

variation of effective length factor is used to estimate the buckling load limit.

b % :; s & © E'j :
Buckled shape 5 :*‘ f Y ';' :'
of column ; \ : \ : ;
shown by . v ! BN :
dashed line | 4 4 h ok :
\ s ; i !

F [ g ] .

kR e

Theoretical K 0.5 07 1.0 1.0 2.0 2.0

value

Recommended| .. | 5aq 1.2 1.0 210 2.0

design value K
......r.....\ Rotation fixed and translation fixed
ey Rolation free and translation fixed

End condition ?

o
key E'I:] Rotation fixed and translalion free
Figure 1. Design value K variation [1, 2]

7
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Table 6: Buckling limit according to K variation

K variation Buckling load limit (Ibf) Buckling load limit (N) Buckling load limit (Kg)

0.5 207,82 924,45 94,27
0.7 106,03 471,66 48,10
1 51,96 231,11 23,57
2 12,99 57,78 5,89

2.2.2 Burst Limit Calculation
Assuming the yield strength, of the aluminium drill pipe is 13779 psi (95 MPa) and a
safety factor 1.5, the burst limit, P,,,,.;, of the aluminium drill pipe can be estimated by

following equation (Barlow equation) [3]:

o _2x¥prt 2¢13779x0.049
Purst ™ d, «Sf ~ 0.375% 1.5

= 2400.53 psi  (165.51 bar)

Where,
Y,: Yield strength of the drillpipe
t: Wall thickness of the drillpipe
d

Sf:  Safety factor

»:  Outside diameter of the drillpipe

2.2.3 Torsional Limit Calculation
Assuming the maximum vyield stress of the aluminium drill pipe is 13779 psi
(95 MPa), the maximum limit of torque T,,,, of the aluminium drill pipe can be

estimated by following equation [1]:

. T (di—id) n 13779 (0.375% — 0.277%)
- — % kL = & *
max = g " Omax * g 16 0.375

=100.19 in.Ibf  (11.32 Nm)
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Where,
d,:  Outside diameter of the drillpipe
idy,: Inside diameter of the drillpipe

Omax: Yield strength of the drillpipe

2.2.4 Stress Envelope with van Mises

As mentioned above, the maximum allowable stresses were calculated without
considering the other loads during drilling. A program was written with Matlab™ to
consider the combinations of stress states that might occur in the aluminium drillpipe
during regular, vertical drilling as a function of the drilling parameters: pump pressure,
WOB, and Torque. Figure 2 shows the stresses acting in a thick-wall cylinder (The

Lame’s solution defines the magnitude of the stresses).

Ca

B

Figure 2. Stresses acting on a thick-wall cylinder [1]

The considered stresses are:

1. Axial stress, g,, (only compression due to WOB is considered in this case

even though other possibilities exist) [1]:

WOB

Oa =~

2. After Lamé, the radial stress o, and tangential stress o, (due to a pressure
difference Ap across the cylindrical shell of the drill pipe) [4]. For the radial

stress, o, [1]:

2 2 2 .2
_Po*ro—Pi*ri Ty *Tj

i
o, = * (P, — P
" roz_riz (roz_riz) * 12 (P 2

The following formula is used to calculate the tangential stress o; [1]:
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_ Pyxrg —Pxrf 12 * 1}

i
O = — * (P; — P
' roz_riz (roz_riz) * 72 i o)

The radial and tangential stresses will be at the highest value at the internal wall of
the drill pipe (r=r;). The following formula is used to calculate the shear stress t due to
torque, T [1]:

_T*r

T

Where the polar moment of inertia, /, is defined as [1]:
n T
J= §(d§ —idy) = 5(0-375“‘ —0.277*) = 0.0013635in*  (5.68 * 107 1%m*)

Where:

WOB: Weight on bit

A: Area of steel drillpipe (OD-ID)

P,: External pressure (atmospheric pressure, considered as no external pressure)
p;: Internal pressure (estimated from standpipe pressure)

T Radius of the drillpipe

To: Outside radius of the drillpipe

Ty Inside radius of the drillpipe
Torque
d,:  Outside diameter of the drillpipe

idy: Inside diameter of the drillpipe

To investigate the drillpipe failure mechanism, the well proven concept of the von
Mises criteria, Vm, is applied [1]. The combination of stresses during drilling should

not exceed the yield strength of the material, otherwise failure occurs.

1
Vm = \/E *((0p —0,)%2+ (0 —0)? + (0, —0,)2 +3x12) < Ys

10
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Where:

Vm: Von Mises failure criteria
Op: Tangential stress

Oy Radial stress

o,:  Axial stress

Ys: Yield strength

T Shear stress

Based on the calculated values with MATLAB, the maximum allowed torsion is
65.5 in.Ibf (7.40 N.m). The shear stress caused by the torque is [1]:

_Txr, 655%0.1875
' T T T 70.0013635

= 899495 psi  (621.18 bar or 62.12 Mpa)

Where:
T: Shear stress caused by torque
Ty: Outside radius of the drillpipe

J: Polar moment inertia

The safety factor of the drillpipe due to torsional stress can be estimated by following

calculation:
GF = Ys 13779 153
T 899495
Where:
Ys: Yield strength of the drillpipe
T: Shear stress caused by torque

The safety factor is considered to be sufficient for the requirements of drilling
operation. During the testing phase further observation can be made about this
assumption.

The required electric motor power for top drive can be estimated based on the
torsional limit of the aluminium drill pipe. Assuming the maximum RPM is 250 RPM

and the motor efficiency is 80%, the estimated power of electric motor requirement is:

11
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T * RPM _ 65.5%250
63025 * Ef ficiency 63025 * 80%

Motor power = =0.325HP (0.24 kW)

Where:

T: Torque

RPM: Rotation per minute of the drillpipe
Efficiency: Motor efficiency

2.3 Cutting Transport Calculation

The following section sets the flow rate calculation required for drilling operation. The
minimum flow rate of the mud v,,,;must be greater than the sum of the slip velocity

Vgip @nd cutting velocity vey.ing as expressed in following equation [5]:

Vmud = Vcutting T Vstip

The cutting velocity v.,.ing is calculated by following equation [5]:

ROP 0.8 - ft © 06m)
Vcutting = d = 08 = UUs— VO —
_%a - S S
60 [1 dh] Ceone  60[1—775z| 1.5

Where:

ROP: Rate of Penetration

d,: Outside diameter of the stabilizer
dj,: Diameter of the borehole

C.onc: Cutting concentration

The slip velocity can be calculated by Moore’s [5] correlation for a vertical well, see

Figure 3.

12
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Slip velocity Stokes law

y

928 = Pr * Vslips * ds
R p—
€ Ug - A

"

Re 2 3 3< Re < 300
22 Re = 300

f= g f= f=1.54

VRe

Vstip — Vslips

U . —
abs| vy, — Vgiips| < 0.001 slip 2

Vgip =slip velocity Moore

Figure 3. Moore’s correlation for cutting transport calc. in a vertical well [5]

The slip velocity of a small spherical particle settling (slipping) through a Newtonian

fluid under laminar flow condition, vy, is given by Stoke’s law [5]:

138+ (p. — pr) *d2 138 % (22.07 — 8.33) = 0.042 ¢ m
Vstips = (os —py) nds _ ( ) _ 3030t (0.93%)
P Ug 1 S s

Where:

d;:  Diameter of cutting

Ps: Density of the cutting solid

ps:  Density of the drilling fluid (density of water)

Uq:  Viscosity of the drilling fluid (viscosity of water)

However, determining the Reynolds number Re shows that the Reynolds’ value is
greater than 300 [5, 6]:

928 % pp x Ugpps * dg 928+ 8.33 3.03 % 0.04

Re
Ha 1

= 938.4 (Turbulent)

13
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Where:

ps:  Density of the drilling fluid (density of water)
d,:  Diameter of cutting

Uq:  Viscosity of the drilling fluid (viscosity of water)

Vsiips: Slip velocity from previous calculation

According to Moore’s correlation, for Re > 300, the friction factor f is taken as 1.54,

then the slip velocity is calculated again [5]:

_ (ps—pr) _ (22.07-833)  _ ft m
Ustip = f * ’dsT = 1.54 Jo.04 =039~ (0.12)

Where:
Ps: Density of the cutting solid

ps:  Density of the drilling fluid (density of water)
d,:  Diameter of cutting

abs|vgiy — Vsips| = 10.396 — 3.03] = 2.634 > 0.001

Since the difference is higher than 0.001, the iteration is performed to calculate the
slip velocity. A program was written in MATLAB to perform the iteration for calculating
the slip velocity. The final slip velocity was determined to be 0.469 ft/s (0.143 m/s).
Consequently the water flow rate must be greater than [5, 6]:

ft

m
Vmud = Veutting + Vsiip = 0.02 + 0469 = 0471—  (0.144-)

A flow rate of 3.51 gpm (13.3 L/min) is considered, due to experiences made in
previous test runs with the drill rig, to be suitable as a requirement for hole cleaning.

The annular velocity v, is calculated by following formula [5, 6]:

_ Q _ 351 _ 2200 (0.70%)
Ve T 0448+ (A2 —d3) 2448+ (1.1252—087) s s
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Where:
Q: Flow rate of drilling fluid
d,: Borehole diameter

dy;:  Outside diameter of the downhole stabilizer

For the transport ratio a value of above 50% is empirically recommended to achieve
good hole-cleaning during drilling. The transport ratio is calculated as follows and a

value of 88 percent determined [5, 6]:

v, — UV 2.29 - 0.471
—a Tmud q00 =222 """ 4100 = 83%

Transport ratio =
p ! Vo 2.29

Where:
v,:  Annular velocity of drilling fluid

Vpmua: Mud velocity (Veyering + Vsiip)

2.4 Pressure Loss Calculation

The following section sets the calculation for conventional, rotary driling pump
requirements with the bit dimensions provided by DSATS. Assuming the Newtonian
fluid (water) flow inside the drill string, the pressure loss inside drill pipe is calculated

as follows. First the velocity of the fluid in the drill pipe v, is determined [5, 6]:

_ 4 - 3.51 _1g712¢ (5 70 m)
V4 = 5448 « (id2) T 2448 (0.2772) T s s

Where:
Q: Flow rate of drilling fluid

idy,: Internal diameter of the drillpipe

Based on that, the Reynolds number is determined [7]:

928 x pp*x vy * id, 928 %8.33%18.71 x 0.277
Ha 1

Re = 40054 (Turbulent)
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Where:

ps:  Density of the drilling fluid (density of water)
vg:  Velocity of the drilling fluid inside the drillpipe
idy,: Internal diameter of the drillpipe

Uq:  Viscosity of the drilling fluid (viscosity of water)

The required friction factor f can be calculated by the following formula [7]:

sy € 574 _2—025[1 ( 0.0006 574 )]‘2
f=025logu\ 37 5 Y Reos )| = 022 |1090\3770277 + 3005409

= 0.0278

Where:
E: Roughness of the drillpipe (assumed with 0.0006 in)
idy,: Internal diameter of the drillpipe

Re:  Reynolds number
The pressure loss inside the drill pipe, P, is calculated as follows [7]:

f*psx* V3 * Lstring  0.0278 * 8.33 * 18.71%? x 4.18
P, = - — 46.63psi (3.21b
s 258+ id, 258 0.277 psi (3.21 bar)

Where:

f: Fanning friction factor

vg:  Velocity of the drilling fluid inside the drillpipe
Lgtring: Length of the drillstring

id,:

p: Internal diameter of the drillpipe

ps:  Viscosity of the drilling fluid (water)

There are two nozzles at the bit. For that reason, the total area of nozzle, 4,, is

calculated as follows:

16
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T T
A, =2« i d? = 5% 0.0932 = 0.013in?

Where:

d,: Nozzle diameter

Drillbotics - Phase | Design Report

(8.67 mm?)

Then, the pressure loss at the bit, P,;; can be estimated by following calculation [6]:

Q**py  3.51%2%833

Ppir =

Where:
Q: Flow rate of drilling fluid

ps:  Density of the drilling fluid (density of water)

A,: Total area of the nozzles

The jet impact force, F; of the bit is [6]:

12031 * A2~ 12031 % 0.0132

=52.4psi (3.61 bar)

F; = 0.01823 * Cy * Q * \/p; Py = 0.01823 x 0.95 x 3.51 + V8.33  52.4

=1.271bf (0.576 kg)

Where:

C,: Discharge coefficient (assumed value ~ 95%)

Q: Flow rate of drilling fluid

ps:  Density of the drilling fluid (density of water)

P,;.: Pressure loss at the bit

The jet velocity of the bit, v, is [5, 6]:

Q 3.51 %144

Vbit = 4= 748 % 60 * 0.013

Where:
Q: Flow rate of drilling fluid
A,: Total area of the nozzles
17
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Further, the pressure loss in annulus, P, is calculated as follows [6]:

p 14327 1077 % pp * Lygex * V2 14327 % 1077 # 8.33 # 2 % 1.97 % 2352

¢ (dp —dg) (1.125-0.8)
= 0.4 psi (0.028 bar)

Where,

ps:  Density of the drilling fluid (density of water)
L,.ck: Length of the rock sample

v,:  Annular velocity of the drilling fluid

d,: Borehole diameter

dy;:  Outside diameter of the downhole stabilizer

The annular velocity is 3.92 ft/s (1.19 m/s) or 235 ft/min (71.65 m/min). The total

downhole pressure 0SS, P;iownhote 1S [5, 6]:

Paownhote = Ps + Ppir + P, = 46.63 + 52.4 + 0.4 = 99.4psi  (6.85 bar)

It is assumed that the pump will be connected with the hose line (made from rubber
material) to the standpipe with roughness 0.0006 in. The pressure loss in the hose,
P, is calculated by following the same schematic as applied for the pressure loss

calculation in chapter 2.4 [5, 6]:

_ Q __ 351 o0t (1 7m)
VR T 0448« (idD) 2448+ (052) s s

928 ppxvpxidy, 928833 %574 %0.5
Ha 1

Re = 22190 (Turbulent)

Where:
Q: Flow rate of drilling fluid
id,: Internal diameter of the rubber hose

ps:  Density of the drilling fluid (density of water)

18
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vy:  Velocity of the drilling fluid inside the hose

Then, the ratio of the roughness of the pipe divided by the inner diameter of the pipe

€/id, is calculated to determine the friction factor on the Fanning chart, as shown in

Figure 4 [6].
€ _00006 .
id, 05
Where:
E: Roughness of the rubber hose

id,: Internal diameter of the rubber hose

1.0

02
0.1

0.05

0.02

Friction factor, f

Turbulent e/d=

o i ARV e N
P 0.004
0.005 il LK = el A 0.001
2 el PO 0.0004
T e e T 0.0001
0.002 DN i ally Sme oth
0.001 I %" ! . :
102 108 10? 10° 108 107

Reynolds Number, N,

Figure 4: Fanning chart; friction factors for turbulent flow in circular pipes [6]

Based on the Fanning chart, see Figure 4, the friction factor,f, is approximately

0.007. The pressure loss inside the hose, Py, is [5, 6]:

f*pr*vh*Heg 0.007 %833 %574%+7.5

P, =
n 25.8 * id), 25.8 % 0.5

= 1.05psi (0.072 bar)
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Where:

f: Fanning friction factor

vy:  Annular velocity of the drilling fluid inside rubber hose
H,;4: The height of the rig

id,: Internal diameter of the rubber hose

The total pressure loss along the entire system is [5, 6]:
Total pressure loss = Piywnnote + Ppic + Po + P, = 147.47 psi (10.17 bar)

Where:

P,:  Pressure loss inside rubber hose

The total pressure loss with additional atmospheric pressure is 162.17 psi

(11.18 bar). To estimate the pump horse power requirement, Bernoulli’s equation is

used [7]:
Py * Av?
Ppump = Ploss+Patm+T+pf*g * Ah
14747 + 147 + 8.33 * 7.48 * (9.8% — 3.922%) N 8.33 x 7.48 * 32.174 = (7.5)
B ' ' 2%32.174 « 144 32.174 * 144
= 165.63 psi  (11.4 bar)
Pumpyp = e = 222020 = 034 P (0.25kW)

Where:

P,,ss: Pressure loss inside the circulation system
P,:m: Atmospheric pressure

ps:  Density of the drilling fluid (density of water)
Ah:  The height of the rig, H,4
g:  Earth gravitation, 32.174 ft/s?
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P: Total pressure required
Q: Flow rate of drilling fluid
Conversion from ft® to gallon: 7.48

Conversion from ft? to in%: 144

It is assumed that the efficiency of the pump is 85%, therefore the requirement of the
horse power pump is 0.4 HP (0.3 kW). The following Table 7 shows the variation of

the pump power requirement according to the flow rate variation:

Table 7: Pump power requirement rotary drilling

Flow rate Flow rate Transport Pump Pump Pump

variation variation ratio Pressure (HP) (kW)
(gpm) (Lpm) (%) (bar)

2 7.57 70 4,7 0,09 0,07

3.51 15.10 83 11.4 0,40 0,30

4 15.14 85 14,3 0,57 0,43

5 18.93 88 21,4 1,07 0,79

6 22.71 90 30,0 1,79 1,34

2.5 Summary Calculation Results

The following Table 8 shows the results obtained from the calculations in chapter 2.2,

chapter 2.3 and chapter 2.4:
Table 8: Summary of calculation results

Calculated Result

Parameter Symbol
Field Units Metric Units
Critical buckling load Pyer 51.96 Ibf 231,13 N
Burst limit | — 2400.5 psi 165.5 bar
Torsional Stress limit T 100.2 in. Ibf 11.3 Nm
Flow rate Q 3.51 gpm 13.3 Lpm
Pump pressure Pyump 165.63 psi 11.4 Bar
Pump horse power HPP 0.4 HP 0.3 kW
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3 Rig Design

Within the scope of the Drillbotics™ competition
which contains the core functionality of a full-scale
electric drilling rig, a test stand drill rig, as shown in
Figure 5, was designed and constructed at the
Clausthal University of Technology. The mast is
designed using a standard framework system. The
framework uses standard, commercially available,
aluminium profiles that can easily be disassembled
for transportation. During the design the following

considerations were paramount:

1. Securely hold the machine bed in place which
contains hoisting system and top drive.

2. Safety function; to provide a frame that is

easily covered by polycarbonate plates to
prevent access to pinch points and to provide
a barrier to contain debris/ fluid in case of

(pipe) failure during operation.

3. An energy chain carrier that holds the electrical Figure 5: Test stand drill rig
power and shielded control cables as well as constructed at the TU Clausthal
the hydraulic power (mud line).

4. A bottom plate, on which the frame is mounted, is used in order to benefit from
the weight of the rock sample (approx. 286.6 Ibs (130 kg)) which acts to
stabilize the structure.

5. The usage of a settling system for the collection and return of the drilling fluid.

6. The framework supports the installation of screw jacks to clamp the rock
sample in place. The internal dimensions of the mast are as follows: height

2200 mm, width: 450 mm, depth: 600 mm.
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3.1 Machine Bed

The machine bed is designed as a rigid frame that contains the guide rails and non-
rotating spindle for the hoisting system. Guide rails direct the movement of the sled in
linear, vertical direction. The sled-guides are made from maintenance-free, self-
lubricating high-performance plastics. The lubricant is incorporated into the bearing
material, making the bearing materials suitable for dry-running conditions. Therefore,
the sled and guide system is virtually maintenance free as it is resistant to dirt, dust

and moisture.

3.2 Hoisting System

3.2.1 Spindle Installation

The worm wheel, as illustrated in Figure 6, is the
mechanism that is provided with a female thread and
converts the rotational movement of the hoisting motor into
an axial movement of the non-rotating spindle. The spindle
is attached to the machine bed and on the upper part of
the machine bed and connected to a load cell in order to
obtain the weight on the bit (WOB). The bottom connection
of the spindle is connected to a floating bearing with one
degree in freedom of movement in the z-direction.

In this case, the hoisting motor and worm wheel is

mounted on the backside of the sled to cause the linear

movement of the sled. Figure 6: Spindle gear box

3.3 Hydraulic System

The hydraulic system consists of a triplex piston pump, tank, filter, pressure relief
valve, pressure sensor and flow meter. The pump sucks water from a tank via a filter
and pumps it into the borehole via the drill rod. The hydraulic system has two main
functions. The first main function is the transport of cuttings out of the well. The
second main function is to drive the hammer drill. Figure 7 shows the schematic
structure of the hydraulic system, depicted with the dashed line. All sensors used for

the test stand drill rig are listed in Table 9.
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Figure 7: Schematic structure of test stand drill rig systems

The pressure sensor measures the current line pressure behind the pump. The flow
meter measures the flowrate behind the pump. The pressure or the volumetric flow
can be regulated via the pump speed. If the two values are to be controlled
independently, a controllable throttle valve or a controllable bypass must be installed.
The pressure relief valve is installed for safety. If the line pressure exceeds a

permissible limit, the valve releases.

3.3.1 Triplex Piston Pump
The pump used for the drilling fluid system is a triplex piston pump and provides
capacities to pump up to 1200 L/h (20L/min) with a pump pressure up to 120 bar

(1740,45 psi) which is sufficient enough for the drill rig test stand. However, only a
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fraction of the maximum pump pressure is required as it is already sufficient enough;
also considering issues with other mechanical components in the system, e.g. shaft
seals at the water supply hose connected to the drillpipe, at high pressures which
might impair the drilling process. Additionally, it is possible to vary the piston stroke
between 3-30 mm. When operation the drill rig autonomously, the piston stroke is
considered to be predefined at 30 mm as the pump motor is operated on a frequency
converter, thus the flow rate of the pump can be regulated steplessly. Furthermore,
this type of pump has a high pumping capacity with a small size and is insensitive to

abrasive media.

3.4 Connection Concept

The previous contest has shown that the connection
to and from the drillpipe is a potential source of
malfunction. A hole for a setscrew is a huge distortion
in the pipe and also the entire moment is transferred
in this small area. Thus, a mechanism is required that

transfers the torque and WOB over a large area.
Therefore two Ringfeder® locking assemblies, as
shown in Figure 8, are chosen at each end which
reduces this potential weak point in the design. It Figure 8: Coupling connection
transfers torsional moments and axial force with

friction between element and pipe. The loaded area is much bigger than in a
setscrew connection and the shape of the pipe is not disturbed. The idea is to use 2
Ringfeder® locking assembilies to transfer the applied moment and axial force.

To verify the ability of the drillpipe to endure the pressure exerted from the locking
assemblies, the formula below is used. It calculates the maximum endurable
pressure for a given yield strength. The pressure of the locking assembly induces a
compressive load. In this case, a yield strength of 240 N/mm?2 and a shape factor, C3,

of 0.8 is chosen:

Ryoa(1 - (£))

— —_ 2
Pzut = C3 ) - 50,77 N/mm
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Where,

Rpo2: Yield Strength = 240 N/mm?
Cs: Shape factor = 0.8

d: Internal diameter = 7.747 mm
D: External diameter = 9.525 mm

The maximum applied pressure of the locking assembly RfN 7061 Stainless Steel is
about 37 N/mm2. Therefore the pipe is able to endure the load induced by the locking

assembly.
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4 Control System Architecture

The design of a fully automated drilling rig presents unique challenges in the field of
control algorithms, data acquisition, handling and transmission, and instrumentation
among others. On behalf of the Drillbotics™ competition, a real-time based &
controlled drilling rig, based on a soft real-time control system with a latency in the
order of milliseconds, will be designed. In this time span, the system should detect
any divergence from the optimum drilling process, take the steps to correct the error

and revaluate the process.

Figure 9: Schematic structure of control system

The core of the control system is the CompactDAQ Controller from National
Instruments (cDAQ-9133) which is a rugged, reliable, high-performance embedded
controller with a wide array of standard connectivity and expansion options. Sensors
and actuators communicate with the controller using different interfaces and

protocols as described in Figure 9.

4.1 Programmable Logic Controller

The cDAQ-9133 controller, as shown in Figure 10, is used for controlling the
processes associated with the drilling process and includes USB, Ethernet, serial,
trigger input, and Mini Display ports (or VGA display outputs) to communicate with
the different hardware components of the drill rig test stand as well as for the
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visualization of the entire drilling process in the GUI designed for this project. The
controller will be combined with up to eight NI C Series modules for a custom analog
input, digital I/O and counter measurement and logging system. Modules are
available for a variety of sensor measurements and will include the pressure
transducer and flow meter at the pump, the load cells associated to the rig for
measuring torque and WOB, the encoder for determining the RPM of the top drive,
the displacement sensor associated to the hoisting system, the proximity sensors at
top and bottom of the spindle (hoisting) as well as the wireless sensors in the BHA.
The cDAQ-9133 controller will be also provided with a hardware-timed digital module
for PWM and pulse train generation for controlling the stepper motors from the
hoisting and rotating systems.

Wik romenrs

s333
.

*
L

Figure 10: NI cDAQ 9133 controller

4.2 Motor Control

4.2.1 Top Drive Components

For the drive of the TD, a brushless direct current (BLDC) motor with a rotary
encoder from the company Nanotec with 440W at 3000 rpm is used and operated by
a fieldbus-capable motor control. The motor control unit N5L is also manufactured by
the manufacturer Nanotec. The motor control communicates with the controller via
the EtherCAT protocol and supports field-oriented closed-loop control. Due to the
real-time capability and the high transmission rate of up to 100Mbit/s, EtherCAT
enables several subscribers to run synchronously and to capture large amounts of
data in a short time. Together with the field-oriented control which is parameterized
using a software tool from Nanotec, a fast and accurate control of the motor is
possible. In addition, time-critical processes, such as the speed control of the motor,

are transferable to the motor control and therefore need not be adopted by the PLC.
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During the operation of the drill rig in the previous year's Drillbotics™ competition, a
shaft seal has burst at the water connection of the drill pipe. As a result, water has
leaked and run over the motor shaft into the motor housing and the optical rotary
encoder which led to an impairment of the drilling process.

For that reason, the motor is turned 180° and enclosed in a plastic housing.
Furthermore, waterproof jacks are added. However, to prevent the shaft seal from
bursting, a more stable shaft seal and mechanical seals will be installed. The
concentricity of the drill pipe in the top drive are supposed to be improved by smaller
manufacturing tolerances, bearings with less clearance, pretensioning of bearings
and the installation of tapered roller or spindle bearings.

To protect the motor and the drillpipe, a slip clutch between the motor and belt drive
was installed to prevent an overloading of these components. Unfortunately, the
setting of the slip clutch was incorrect. During operation, the motor was switched off
by the higher-level controller because the motor currents (torque) became too large.
For that reason, a smaller slip clutch will be used. Additionally, the motor will be
operated with torque control.

Moreover, the force fitted shaft-hub connections (locking assembly) between the drill
pipe and topdrive as well as the drill pipe and BHA were problematic. These locking
assemblies are designed for a torque of 6 Nm and have loosened during operation
which resulted in a relative movement between drill pipe and clamping element. As a

consequence, several locking assemblies will be arranged in series.

4.2.2 Spindle Drive Components

The control of the drilling rig is mainly based on maintaining a constant WOB. For this
prpose, the top drive is connected to a spindle drive which is driven by a stepping
motor.

For the spindle drive, a stepper motor with rotary encoder from the company Nanotec
with 1 Nm holding torque is used and operated by a fieldbus-capable motor control.
The motor control unit SMCI12 is also manufactured by the manufacturer Nanotec.
The motor control communicates with the programmable logic controller (PLC) via
the EtherCAT protocol. The integrated software-based current controller together with
the microstep resolution ensures optimal running behavior at all speeds.

Due to to the real-time capability and the high transmission rate of up to 100 Mbit/s,

EtherCAT allows several subscribers to run synchronously and to capture large
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amounts of data in a short time. In addition, time-critical processes, such as the
speed control of the motor, are transferable to the motor control and therefore need
not be adopted by the PLC. The calculated power requirement of the spindle is 0.32
kW.

Due to the large thread pitch of the spindle, it is necessary to be able to move the
spindle motor in very small steps, since otherwise the WOB is exceeded quickly and
cannot be readjusted. For that reason, the stepper motor is required to be run in a
1/8 or 1/16 step mode.

4.2.3 Pump Control Components
The pump is driven by an asynchronous motor with a variable frequency converter
(VFC). The VFC has a rated power of up to 90.0kW and has also like the stepper

driver a Fieldbus Interface to communicate with the PLC.

4.3 Sensors

The list of all sensors and actuators supposed to be used for the test stand drill rig
are listed in Table 9 in accordance with Figure 7. The table also clarifies the
parameters measured by the applied sensors and illustrates the features that can

manipulated by the actuators.

Table 9: Sensors and actuators used for the drill rig

Circulation system

Sensors PS1 Pressure sensor located at pump Pump pressure, phase
PS 2 Pressure sensor located at TD Shift, frequency
FS1 Flow sensor common outflow pump Fluid flow rate
PRV Pressure relief valve — set manually Overpressure detection
Actuators |M1 Electric motor Pump rate,
P1 Triplex piston pump Flow rate

PRE Pre-charge pump

Rotary system
Sensors E3 Encoder connected to TD motor Rotation
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Actuators

Sensors

Actuators

Sensors

Sensors

E4

Al
M2
G

LS1
LS 2
LC1
E1l
E?2
M1

Gyro

Acc

BHT

BWOB

Encoder connected to TD gearbox
Ampere meter (in N5)

BLDC motor 440W

4:1 Gearbox

Hoisting system
Upper limit switch

Lower limit switch

Load cell

Motor encoder

Depth encoder
Stepper motor
Gearbox (spindle drive)

BHA
Gyroscope

Accelerometer

Proposed addition
Torque

WOB

4.3.1 Load Cell and Amplifier
To measure the WOB, the test stand drill rig offers two different options:

Drillbotics - Phase | Design Report

DS Rotary speed
Rotary torque

Rotary speed & torque

Homing position
Lower safety
Hookload / WOB
Hoisting speed / ROP
Well depth

Hoisting/ WOB

Yaw, pitch, roll

Surge, heave, sway

Bottomhole torque

Bottomhole WOB

1. In the first place, a new sensor module in the BHA using strain gages

determines the weight applied directly on the bit. To measure these

parameters, new components must be added to a new BHA sensor module.

The new module will have three Analog-to-Digital Converters (ADC) which will

read the voltage of the strain gauges on the sensor module housing. Those

will be placed at specific locations to sense the stress which will be caused by

torgue and the axial force due to the weight on bit. The chip HX711 is chosen

as ADC unit due to its special design to read weight scales with a 24-bit ADC.

It has a power consumption of ca. 1.5 mA and an analogue power supply

circuit for strain gauges. Moreover, the ADC unit has two input cannels and a
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programmable gain control which can be set to 0, 32, 64 and 128. Thus, a
maximal output rate of 80 samples per second can be achieved.
2. Secondly, an S-Type load cell at the spindle enables the measurement of

traction and compression forces applied along the complete machine bed.

Additionally, a single point load cell is installed rear the top drive to measure the
torqgue generated by the stepper motor during drilling activities. With a defined arm of
lever, the torque on the drill string can be calculated via the measured force.

In conjunction with load cells, the controller must be provided with the NI 9237 bridge
module with which the control system receives all signal conditioning elements
required to simultaneously take measures from up to four bridge-based sensors.

For the power supply, a step-up-converter is supposed to be used which enables to
step the voltage of a single AAA battery up to 3.3 V for the microcontroller unit. In

total, two step-up-converters are required.

4.3.2 Pressure Sensor

To measure the pressure behind the pump, an electric pressure sensor for industrial
applications is used. The pressure transducer has a pressure range between O-
160 bar, an analogue output between 0-10 V and a sensitivity of < £ 5%. To handle
this signal, the controller disposes of an analogue input module with channels for a
+10 V measurement range at a 24-bit resolution enabling a maximum sample rate of
10 kS/s.

4.3.3 Flowmeter

The flowmeter consists of a metal housing, an impeller and a Hall sensor. The Hall
sensor emits a pulse per revolution of the impeller. The pulses per time are
measured in a bidirectional digital module connected to the controller where a digital
counter input totalizes the volume and determines the flow. The flow meter can be

operated up to 16 bars of pressure and has a measuring range of 0.8 - 80 L/min.

4.3.4 Displacement Sensor
To determine the depth of penetration of the drilling bit, the control system is
equipped with a draw wire sensor with a measurement range between 50 mm and

1250 mm, thereby having a linearity of £0.02%. This sensor is connected by a highly
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flexible steel wire rope connected to an encoder used to convert the linear movement
of the hoisting system into a proportional electrical signal. The output of this sensor
can be connected to an available port in the analogue input module used for the

pressure transducer.

4.3.5 Speed Sensor
To assess the velocity, the stepper motors include encoders in its typical physical
configuration. However, in the case of the top drive, an additional encoder is
mounted on the belt drive to detect decoupling of the motor shaft and the
transmission sheave. The encoder will be connected to a free port in the module
used for the flow meter.

4.4 Control System Architecture

The requirements for the control system are described in the Drillbotics™ guidelines

published in 2017, thereby focusing on the following segments:

e Autonomous operation of the system

e Fully automated drilling process

e Detection of deviations between expected and actual performance of the
drilling process.

¢ Real-time measurement and control

e Novel and intuitive data visualization

e Measurement & data storage

e Downhole monitoring

To meet these requirements, the control system architecture depicted in Figure 11 is
proposed.

The entire drilling process must be started from the control stand by starting the
particular drilling program. This action leads the autonomous operation of the test
stand drill rig which starts with the drilling operation in the place where the rig is

located. The drilling process can be followed in two ways:

1. In the first place, the controller acquires the information from the sensors
located in the drilling rig and in the BHA. The data obtained during the drilling
process is saved in the data base on place and transmits the data
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simultaneously via a Transmission Control Protocol (TCP) to the control stand
where a visualization system depicts the course of the drilling process to the
supervision personnel.

2. In the second place, a video surveillance system transmits images of the

entire process to follow it in real time.

4 J
-
e
.
0
—

Figure 11: Control system architecture

In case of any deviation of the drilling process from the optimum performance, the
controller using the embedded software functionalities takes the corrections needed
to continue the process by adjusting WOB and/or n which will be discussed in more
detail in chapter 4.5.

Transfer functions will be used in the control system for assigning input values to
corresponding output values which actually depicts a black box for optimizing the
drilling system. A constraint box will function as a master function for the system to
define an operating envelope with mechanical component limitations that must not be
exceeded at anytime during the drilling operation.

To achieve this goal, TCP/IP is used which is a set of communication protocols to
allow the data transfer between different TCP/UDP ports, thereby enabling the
conjunction with a user interface or data stimulus from LabVIEW, as illustrated in
Figure 12. Thus, a seamless connection between two software environments is

provided. Within the constraint environment, the access to the drilling parameter is
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granted via TCP/IP communication protocol to implement a unique drilling control

algorithm from any connected station.
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TCP/
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Figure 12: Possible configuration for enabling data transfers across different operating

systems

This approach is already realized in the industry by connecting software packages
such as MATLAB® or Simulink® with LabVIEW, as shown in Figure 13, which might

be a suitable option for being implemented in our control system architecture.

LabVIEW

Host VI

Front Panel

Block Diagram

MATLAB and Simulink

SIT Server
model

e

TCP/IP

Host Computer

0

Host Computer or Another PC

Figure 13: Connecting a MATLAB/Simulink model with LabVIEW

4.4.1 Practical Implementation

The sensor modules will not be wired with solid core cables. This method has proven

to be difficult and sensitive for failures. The solution for the 2017/18 Drillbotics™

competition is to use a PCB where all modules are soldered on the two surfaces. A

radio module, which is discussed in more detail in chapter 5.4, will be placed on top

facing the open side at the housing of the BHA. Underneath the ESP 32 will be

placed. It has a protective tin-can housing which will isolate the sensitive p-controller

from radio waves, followed by the double sided PCB. At the side of the sensor
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housing, the ADC chips and the MPU 6050 will be placed. The power supply with the
step-up modules will also be placed at the side of the sensor housing, facing away
from the housing to avoid the alternating frequency to interfere with the sensor side of
the module. The whole PCB packet will be casted in an epoxy resin to protect it from
the environmental influences of the drilled hole. Another benefit of this housing
method is that there will be more space available for the components.

The contraption will have this time a connector to reprogram the p-controller casted
in the housing. It will be sealed by tape.

When the sensor starts, it will try to open a serial connection over the radio module.
As soon as the connection is opened, the sensor sends a message to the control
stand, whereby the base station is supposed to answer with a command line. This
line defines which sensors have to be interrogated at which repetition or how long it
hast to go to a sleep mode.

The sensor interprets the command line and follows the instruction. As soon as the
drilling process starts, the base station will send a time stamp to the sensor which will
calibrate the inner RTC. This initiates the sensor data to be sent with a time stamp.
Thereafter, the p-controller starts to collect the sensor data from each module in the
BHA. As soon a data packet is stacked together, the p-controller will send it via the
radio module to the control stand.

Estimated Power consumption will be as follows and represents a reduction of 66%

compared to the Drillbotics™ competition in 2016/17:

Esp 32 (no radio, dual-core active): 30mA

Nrf2401 radio module (full transmission power): 15mA

MPU 6050: 15mA

2x HX711 (ADC): 3mA

Total power consumption at 3.3V: 63mA > 200mwW

The 2016/17 Drillbotics™ competition showed that the sensors sometimes operated
at too high gains which caused the sensor readings to be often saturated. For that
reason, an auto gain method will be implemented. The control algorithm for the
sensor will sense saturated values and will lower the gain setting for the sensor. This
will be transmitted also to the control algorithm which will also change the

interpretation of the now changed values.
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To control the sensor mode, a for-and-back communication will be implemented.
Thus, it is possible to start a sensor reading and stop it if necessary. With this
feature, the power consumption is decreased while the actual drilling process has not

started.

4.4.2 Visualization and Programming

A redundant acquisition and storage data is disposed at the controller stand for the
analysis and post processing of the data coming from the drilling place. The
monitoring PC is used to handle the computationally extensive tasks. In addition, it
serves as the human machine interface (HMI) to overview the drilling process over
the graphic user interface (GUI). The GUI will plot the important parameters that are
used to influence the concept of the mechanical specific energy for conventional
drilling and the concept of specific energy for hammer drilling which will be discussed
in more detail in chapter 6.2. These parameters are weight on bit, applied torque,
rotational speed, and rate of penetration. Furthermore, data from the downhole
sensors, such as the gyroscope and accelerometer will be interpreted and displayed.
During the trial phase, the GUI will be continually optimized to serve the needs as
required.

The sensor will have three operating modes:

1. The first operating mode will be the hammer mode at which the sensor will
sense all torque, WOB and axial acceleration and torsional acceleration at the
borehole axis. With this mode, the hammer drilling process comprising the
hammer frequency, torsional blocking and risk of buckling will be monitored.

2. The second operating mode will be initiated from the drilling program
autonomously, e.g. if the ROP is too low in a certain period of time to allow to
switch to a rotary drilling system such as a PDC bit. Same parameters as in
the first operating mode are measured. However, the drilling process will be
adapted to fit for a rotary drilling operation.

3. The third operating mode will be initiated from the drilling program as well and
applies to both, hammer drilling and rotary drilling systems. In this mode, all
sensors are interrogated at maximum precision. To acquire undisturbed
values, the complete drilling process has to be stopped for a short period of
time. Now, the deviation from the optimal borehole axis can be calculated and

fed into the drilling program.
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4.5 Control Algorithm

The proposed control schema to be implemented in the autonomous drill rig system
are based on two concepts: the finite state machine for enabling the fully automation
of the rig and the intelligent controller for the optimization of the drilling process.

The state machine is a functional form of application planning and enables to
implement decision-making algorithms quickly and accurately. The basic states that
must be defined in the state machine are the “init” step to identify the initial conditions
of the system, to read variables, to tare sensors and to define set-points. The second
state is the “run in the hole” state where the drilling rig will adopt the initial point of
perforation, set the displacement sensor and the elapsed time. The third state to be
defined is the “drill the hole state” where an intelligent control system must improve
the drilling performance of the rig. The fourth state is the “pull-out-of-hole” (POOH)
state for retrieving the drilling bit out of the perforation block. And finally, the “steady
state” for releasing the control of the drilling rig to the operator for further operations.

The following Figure 14 shows a schema of the state machine.

Runin
the hole f\
N Drill the
hole
A" Pull out of
the hole
\ Steady
state

Figure 14: State machine

In each step of the state machine, decision making algorithms are implemented. The
algorithms are depicted in Figure 15. In the step “drill the hole”, an additional control
feature of the system will be launched and the intelligent controller will take control

over the drilling process until the desired depth is reached.
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Figure 15: Decision making algorithms

The use of an intelligent controller permits the inclusion of special features to the
control system, such as fault diagnosis, alarm systems and facility availability
determination. For the competition, a fuzzy control system will be implemented for
optimizing the drilling process.

Fuzzy control is a methodology to represent and implement human knowledge in
function of how to control a system. The main components of a fuzzy controller are
the rule-base that is a set of rules for controlling If-Then statements, the fuzzifier to
transform the numeric inputs in fuzzy inputs, the interference motor that decides how
to process the rules, and the defuzzifier to convert the fuzzy output in numeric input
values for the actuators of the rig. The characteristics that make the fuzzy control
algorithm an option for the autonomous rig are its robustness, adaptivity, tracking
ability, fast convergence response and precision.

The selection of rules to be implemented in the fuzzy controller are the main objective
of optimizing the variable drilling parameters, such as rotational speed, pump rate

and WOB. The goal behind the control task is to assure an optimum drilling efficiency
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through a minimization of the mechanical specific energy (MSE) and a maximization
of ROP, respectively through a minimization of the specific energy in case of hammer
drilling which is further discussed in chapter 6.2. The following formulas show the

relation between the main parameters of the drilling process:

MSE — PAt
v
WOB 120 T *n
MSE = + = minimal

A A * ROP

x*d*xWOB
,_Hrd=WOB

36
Where
P: Power
At: Time difference
V. Volume of destroyed rock
N: Rotational speed
WOB: Axial force
T: Applied torque
ROP: Rate of penetration

The expected behaviour of the fuzzy control algorithm can be described by the

following Figure 16.
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Figure 16: MSE optimization cycle (Patent US 7938197 B2)

4.6 Data Handling and Storage

The PC and the PLC have different tasks in the control process of the drilling. The
PLC will take on the real-time controlling. Its two main tasks are the regulation of n
and WOB, according to the values calculated by the PC, and the prevention of
catastrophic failures, e.g. by surveying the drilling process and preventing boundary
violations (i.e. mechanical operating envelope).

The PC will take on the computationally extensive tasks, such as heuristically finding
best values for the parameters n and WOB. Even though the goal is to finish the
tasks in a timely manner — as otherwise a deployment in a real time environment
does not make sense — the computer can't operate as fast as the PLC. As both need
to communicate with each other the communication must be asynchronous, such that

both can finished a started task, but start new iterations with new data.

41



TU C 1 ausS th al Drillbotics - Phase | Design Report
= =

: o |
loop | e store initial sensor data s

[ until first
regulation values ] |
| initial regulation

find optimal n, WOB
for newest sensor data

|
|
= | loop |

store newest sensor data <

store new requlation values

e
TV,
loop J
store newest sensor data

Figure 17: Sequence diagram

As shown in the sequence diagram in Figure 17, this asynchronous solution requires
a set of initial regulation parameters for the PLC, which will be used until the PC has
finished its first iteration to heuristically calculate regulation values. After this, the
exchange of values will be done asynchronously. Every newly calculated optimum
parameter value will be stored so that the PLC can access the data in the next

control iteration.

4.6.1 Response Time of Measurements

The PLC will store the newest sensor values every time after accessing the sensors.
These can then be accessed by the PC for the MSE calculation. The minimal
response time for the sensor measurements would be 1 ms, but only for one reading.
As it is planned to use the offered possibility to receive the average of 10 readings —
which would rule out errors — the response time for sensor readings would be 10 ms.
A further time overhead must be calculated for the data aggregation in a file, that can
be used for data analysis and display as well as for the input values for the algorithm
on the PC.
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5 BHA Design

Figure 18 shows the proposed concept for the sensor module of the BHA. The
electronics module is located as close as possible to the lower end of the string. The
drillstring module has a holding cavity which will host a separately build electronics
module. The electronics module will be made out of a polymer plastic shell to ensure
that the data transmission is not influenced. It will hold the printed circuit board (PCB)
which incorporates the power converter, microcontroller, and sensors. An epoxy resin
is casted around all components inside the module to seal the components from
water and secure it in place. The notch for torque and load measurements is
designed in a way that the strain gauges are protected against external influences
(water, humidity, etc.) by two cover panels. The cover panels are screwed together
with four cylinder screws and the seal to the sensor housing is realized via 2 toric
joints. The module is secured to the BHA with screws. The battery power supply is an

adjacent chamber which is sealed by a gasket.

Figure 18: Revised BHA design; topside view (left) and lateral viewing angle (right)

5.1 Specification for Sensors and Instrumentation

The idea is to sense the vector of the gravitational field of the earth. It is possible to
calculate the angle between the z-axis and BHA with that particular vector.

Using an accelerometer, drilling behaviour can be interpreted. In addition, data from a
gyroscope is obtained to measure torsional vibration of the drillstring which can be
further processed.

The electronic module contains a 6 degree of freedom sensor (MPU-6050), as shown
in Figure 19. It houses an accelerometer and a gyroscope. The communication

between the downhole microcontroller and the sensor is realized with an I2C port.
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The sensor has an accelerometer with range up to £16g and the gyroscope range is

up to 2000 °/s. The nominal Input Voltage is 3.3V.

Figure 19: Accelerometer and gyroscope

5.2 Concept of Downhole Sensor Assembly

The concept of the downhole sensor is to use a microcontroller which can
communicate over radio with the PLC. The communication schematics are illustrated
in Figure 20. It will be powered by a single AAA 1.5 V Battery and a DC/DC converter
which transforms the voltage to 3.3V which is suitable for the microcontroller and
sensor. The communication between the sensor and microcontroller is done via 12C
Data Bus. The microcontroller sends a prompt command to each data channel of the
sensor and receives the required data as a result. Thereafter, the microcontroller will

pack the data in an array and send it via radio to the PLC for further interpretation.

1 15V ( Step-up-
AAA Battery J L Converter
33V
Radio (
Sensor MPU El:]ﬁl:]1 ( b Controlier 1 PLC

J L ESP3z2 J L

Figure 20: Communication schematics
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5.2.1 Update Time

The roughly estimated update frequency is about 200 Hz. In addition, the sensor
offers an interrupt line which can be triggered when a specific sensor cannel exceeds
predetermined critical level. This can be used to perform an emergency stop in case

the drill bit blocks during the drilling process.

5.3 Microcontroller

The microcontroller will be an Esspressive ESP 32. It has two cores with a clock
frequency of 240 MHz. The operating voltage is between 2.2 and 3.6 Volts and has a
dimension of only 18 mm x 25,5 mm x 3 mm. It provides multiple interfaces for

sensors like I2C. In addition, this microcontroller has multiple power modes available.

5.4 Radio

As shown in the last year's competition, the WIFI/WebSocket solution for sending
downhole data was fast but also energy-intensive in its mode of operation. To solve
this issue, a separate radio module is going to integrated which has the ability to
send over the 2.4 GHz band with a speed of 2 MBIt/s, thereby having a maximal

power consumption of 15mA at 3.3V at full transmitting power.
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6 Percussion Drilling

Percussion drilling has long been recognized to offer the potential of drilling faster
than conventional rotary drilling, particularly in some hard formations such as granite,
sandstone, limestone, dolomite, etc. [8]. There are other potential benefits of
percussion drilling: requires lower WOB, results in longer bit life due to less contact
time between the bit and rock, offers less hole deviation, and generates larger cutting
[9]. In conventional rotary drilling, the WOB (weight on bit) applied pushes the bit onto
the rock and as the bit rotates, the cutter of the bit shears and cuts the chip of the
rock. The WOB must be high enough so the bit can penetrate the rock. While in
percussion drilling, impact or collision or vibratory shock is used to cut the rock [10].
This is one of the most powerful forces. Based on the Law of Conservation of
Momentum, with high impact speed and short contact time applied, the bit in
percussion drilling can produce much higher impact force along the direction of the
bit movement, as shown in Figure 21. The bit will crush the rock below the bit and
form the cratered zone when the force exceeds the rock compressive strength. The
cratered zone may be much deeper than the actual depth of bit penetration [11]. In
percussion drilling, it is needed to remove the crushed rock as quickly as possible to
avoid the re-crushing failed rocks (percussive energy does not contribute to rate of

penetration).

Oscillating
_ Thrust

Rotary Drilling Process Percussion Drilling Process

Figure 21: Rock crushing process in rotary and percussion drilling [8]

6.1 Design of a Drilling Hammer and Drill bit

For the percussion drilling purposes, a special drill bit has to be used, as shown in
Figure 22. Improved performance when drilling through hard formations is achieved
by setting front buttons higher than the gage buttons.
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Figure 22: Revised drill bit with front buttons suitable for percussive drilling

In last year’s contest, the hydraulic hammer concept proved to be an alternative to
conventional drilling. The hammer drilled a smooth, vertical borehole through the
provided rock sample. However, it was evident that substantial improvements need to
be made in order to increase the ROP.

To increase the ROP two approaches are taken:

1. Optimizing the hammer design to increase the impact energy:
a. This is achieved by operating the hammer without the spring used in
the previous design.
b. Increasing hammer mass.
c. Adjustment of pressure distribution in hammer
2. Improve the drill bit design:
a. Favorable tooth spacing and tooth shape
b. Optimizing the tooth layout to maintain axis of rotation in center

c. Better bit cleaning

The properties of the hydraulic hammer were recalculated to design an improved
version. Thus, a model was implemented in Matlab™ Simpscape to simulate the

performance of the redesigned percussion tool for selected pressures and flow rates.
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As a result, significant improvements for the new hydraulic drilling hammer were
achieved. Impact energy is estimated to be greater by a factor of 1.5 in comparison to
last year. Additionally, considerations are made regarding its usage as a hybrid drill
bit.

One of the defining features in rock destruction is the crater that forms beneath the
tooth in the rock. The crater size and volume is in part dependent on rock properties,
such as brittleness, ductility, tensile strength, pore pressure, hydraulic borehole
pressure.

As the tooth rotates in a circular motion on a 2-dimensional plane in the bit-rock
interface, the placement of the hammer impact is a function of the drill bit geometry,
impact frequency and angular speed of the bit. The size of the created crater then
determines the desirable circular arc distance between impacts for a given set of rock
characteristics. As a result the exact, timed placement, or transposition of the impact
is a significant parameter to increase ROP. In turn, the correct referral term should be
‘transposing-hammer drilling’.

Assuming a constant angular velocity, and impact frequency the circular arc distance
between impacts points can be determined for a given radius. The derivative of the
position vector of a circle together with a constant angular velocity, w, gives then the
tangential velocity.

The circular arc length can be determined using a simplified radian measure:

_ 2xm*n=*R

xCCl f
i

If the crater size is known and therefore desirable circular arc length or transposition
has been determined, the linear relationship defines the constant angular velocity,

expressed in n [RPM] for a specific impact frequency:

xca *ﬁ

= 30
n Rxm

The angle in degrees between impact points can be determined by:
180 * x.q
~ m*R

Where:
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angular velocity

Radius
T; Period
Xca Circular arc length
n Revolutions per min
1) Angle

6.2 Correlation of Rock Properties

By using a percussion drilling system, as proposed in our design, it is possible to
obtain dominant rock properties from measurements of penetration rates [12].
Experimental studies shown that the penetration rates can be directly correlated with
the properties of the rock sample. This knowledge is extremely useful for estimation
of the type of rock in a simple and direct way without using complicated devices
which may fail under drilling conditions or deliver unreliable measurement records.

In order to estimate equations which correlate rock properties with measured rate of
penetrations several experimental tests were carried out. Results shown that the
strongest correlations with the rate of penetration exhibit uniaxial compressive
strength (UCS), tensile strength, point load strength and elastic modulus. Plots of

penetration rate as a function of selected rock properties are presented in Figure 23.
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Figure 23: Penetration rate vs. UCS and elastic modulus of the rock sample [12]

Plots were constructed by using the method of least-squares regression. For each
regression the equation of the best-fit line was determined.

Rock properties have also direct influence on the specific energy, which is a common
concept of a rock destruction. When tool geometry, cutter spacing and tool
penetration are kept constant specific energy will be a function of rock parameters.

The specific energy, Se, can be formulated as follows:
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Se =€
2E
Where:
E: Secant elastic modulus
o: Compressive rock strength

This relation allows for estimation of the rock when the specific energy is known.
The specific energy in terms of the penetration rate can be expressed by the

following formula:

EifT,
ROP = /;];er
Where:
E;: Energy per blow
f: Blow frequency
T,: Energy transfer rate
A: Drill hole area

Dependency of penetration rate and rock properties can be extremely useful in
estimation of the type of rock sample during drilling. Examples of uniaxial
compressive strength for different type rocks are:

Limestone: 123.8 MPa

Dolomite: 68.0 MPa

Sandstone: 149.2 MPa
For the competition purposes, methods mentioned in this paragraph, are an
interesting alternative or support to the electrical downhole devices or expensive
measurement while drilling methods. In addition, the team is looking forward to

perform vibrational analysis of the
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7 Safety Considerations and Risk Analysis
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Risk name

Risk description

Risk control strategy

Drilling fluid (water)
leaking

Drilling fluid leaks from
hose or circulation
system

Use suitable hose and circulation system
(e.g. hose with appropriate pressure rating
capacity). The circulation system will be
checked before and while testing.

String wobbling

String
vibration/wobbing

Start drilling at low RPM then increase
gradually after reach a certain depth e.g.
1/4". Set the limit of the RPM in algorithm.

Bit walking

Bit drills deviated away

from the trajectory plan.

This risk is also
associated with string
wobbling.

Install a guide shoe or riser/casing at rotary
table above the rock sample thus limiting the
drillstring wobbling. Install downhole
sensors, which are accelerometer and gyro,
and integrates the acquisition data with
algorithm to self-control the drilling
trajectory.

Drillstring stuck

Drillstring stuck due to
unclean hole or cutting
is not circulated

properly from the hole

Apply minimum flow rate according to
minimum cutting transport velocity
estimation. Apply also minimum drillsting
rotation speed (RPM) according to design
calculation to help hole cleaning.

Loss verticality of hole
section

Drill directional hole or
deviated trajectory
away from the plan

Install downhole sensors (accelerometer and
gyro) and integrates acquisition data with
algorithm program. Apply algorithm program
to maintain verticality to self-control string
while drilling.

Drillstring buckling
and twist off

The weakest part along
the drillstring is
aluminum drill pipe.
Another potential weak
part is connection.
Buckling and twist off
could occur during the
drilling.

Use high strength connection type for all
parts of the drillstring, particularly the
aluminum drillpipe. Estimate the limit
strength of drill pipe then limit the WOB and
RPM to avoid the failure according to the
design calculation. Set the WOB and RPM
limit in the algorithm.

In case much vibration occurs, alert (alarm)
system will be active thus students can
respond.

Short circuit and/or
electrical hazard

The risk is associated
with electrical cable or
source

Proper handling of electrical cable shall be
applied, especially the avoidance from liquid
(water). All electrical systems must be set up
properly, soldered, installed, and connected
to power source carefully and if it is possible
enclosed system (use protector) and
contained in one place. All of the steps
associated with setting up electrical must be
done with safety concerns and safety
protector (if applicable). Minimum safety
equipment (e.g. safety glasses, gloves, etc.)
must be worn during the electrical
installation.
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Mechanical
construction risk

During build up and/or
testing, risk associated
with pinch points,
punctures, lacerations,
cutting debris, and etc,
could cause damage and
hazard.

Proper handling of material and pieces
during building up the rig structure,
particularly it is mandatory to wear the
proper HSE equipment according to
minimum standard (e.g. safety shoes, safety
glasses, gloves, etc). Students will also work
from a certain height during building up the
rig structure, thus precautions must be taken
to prevent injuries. A certain range of zone
isolation must be set thus non related person
will be allowed to pass the zone. A general
working procedure (Standard Operating
Procedure/SOP) will be set before rig
construction work.

The connection of all parts and pieces of rig
structure must be checked properly during
and after rig construction to confirm the
solid rig structure, thus avoiding the loose
pieces during the drilling or test. All the
sharp edges in rig structure will be covered
or protected with protector to avoid human
injures.

Cutting and drilling
fluid spill and disposal

During the drilling,
cutting and drilling fluid
will flow out of the well
to the surface and must
be disposed properly.

Safety containment will be installed around
the rock sample and rig structure (below),
thus the cutting and drilling fluid circulation
(outflow) can be stored properly. The safety
containment will be made from transparent
material (e.g. plastic, etc), thus the drilling
process can still be observed. Additional
storage containment will be installed also to
store more cutting and drilling fluid
circulation out of the well or rock sample.
The cutting and drilling fluid outflow
circulation will be recorded and disposed
according to regulations (university and state
regulations), particularly if there is chemical
content. A general procedure will be
included together with HSE procedure.
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Hazard during drilling | Accident and hazard The drilling automation (through algorithm
or testing during drilling or testing | and computer control) is set up thus less or
could occur. even no human intervention is needed

during the test. However, supervision during
the test is still needed. Before the test or
drilling is started, safety meeting (prejob
safety meeting) will be held to discuss the
procedure and any potential hazard.
Emergency shutdown is included in
algorithm program and will active in case
serious hazard occurs. The emergency
shutdown can also be activated manually
(intervention from human) in case the self-
control program does not work properly. In
case there is obstacle or restriction in
circulation system that causing increase of
the pressure, emergency shutdown system
will be activated (included in algorithm) at
certain limit of pressure and relief valve is
installed to release the pressure.

A general testing procedure (Standard
Operating Procedure/SOP) will be set before
drilling or testing. Minimum HSE equipment
standard must be worn (e.g. safety glasses,
hearing protection, etc). A certain range of
zone isolation must be set thus unauthorized
person will not be allowed to pass the
isolation zone. A fire extinguisher will be
available on location in case fire occurs due
to overheating of electronic components or
motor, etc.

The hoisting system has locking mechanism
to stop the movement in case lost control

happens.

Communication error | Failure during data System restart will be designed, so whenever
acquisition due to data is failed to be acquired, by restarting
communication system the system, data acquisition can work
error properly.

Sensor error Failure during data The sensors will be tested before and after
acquisition due to installation. After each test or drilling,
sensor failure maintenance will be performed to confirm

whether the sensors can still function
properly.

Mobility of the rig The mobility of rig is incorporated in the

design. The rig structure will be placed above
the table and wheels will be installed below
the table, thus the rig can be mobilized. A
brake system will be included in wheels to
prevent undesired rig movement during
drilling or testing due to vibration. Proper
handling system will be installed so the rig
can be moved safely and in convenient way.
Modular design will be considered and as far
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as possible applied in the rig construction,
such as electrical, computer, pump and
disposal storage that can be disassembled or
separated. This will make the mobilization
and transportation more convenient and
safe.

Electric cables and
water hoses

Cables and hoses lying
around which is a
serious tripping hazard.
Damaging of the
equipment, tool failures
and health restrictions
might be consequences

Cable shafts for electric cables as well as
hose guards will be laid to gather the loose
components.

Additionally, clearly visible warning labels
will be put up to make people aware of the
hazard
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8 Price List

The following Table 10 illustrates the cost estimation for the test stand drill rig,
including control systems. A contingency margin was added in the table to consider
unforeseen costs, e.g. due to failures or changes or additions in the drill rig

construction, respectively in the control system development. Significant cost

deviations will be reported in the monthly reports.

Table 10: Estimated costs

Quantity | Article Price per item (EUR) Total (EUR)
Sensors
ESP32-T Development Board for Al-
2 . 12.50 EUR 25.00 EUR
Thinker ESP32s Module
3 GY-521 Gyroskop Accelerometer 6DOF 7.84 EUR 23.52 EUR
5PCS Arduino HX711 Sensor Dual-Channel
1 . . 5.38 EUR 5.38 EUR
24 Bit Precision A/D Module
3 Pololu 3.3V Step-Up-Converter 4.49 EUR 13.47 EUR
Adafruit 12S MEMS Microphone Breakout
2 7.55 EUR 15.10 EUR
- SPHO645LM4H
BHA
Alu round tube 12.61 EUR 12.61 EUR
2 Locking assembly 20.00 EUR 40.00 EUR
Hydraulic hammer
V" 1:4605 stainless steel, round steel
1 23.50 EUR 23.50 EUR
30mm. 500m
Stainless steel, round steel 16MnCr5/EC
1 10.14 EUR 10.14 EUR
80 [250,30]
Stainless steel, round steel 16MnCr5/EC
1 14.42 EUR 14.42 EUR
80 [500,18]
1 Construction hammer & drill bit 813.96 EUR 813.96
Top drive
1 BLDC motor - DB87L01-S 254.30 EUR 254.30 EUR
1 Driver for top drive 257 EUR 257.00 EUR
2 Clamping set etc. for top drive 200 EUR 200 .00 EUR
1 Power Supply 145.00 EUR 145.00 EUR
1 Encoder, top drive 47.90 EUR 47.90 EUR
1 Encoder cable 8.70 EUR 8.70 EUR
1 Switching Power Supply 79.49 EUR 79.49 EUR
Workshop
70 h Manufacturing of various components ‘ 50 EUR/h 3500.00 EUR
Pump system
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RS Pro Flowmeter 65.40 EUR 65.40 EUR
Shaft seal 13.99 EUR 41.97 EUR
Safety system
5 Cable shafts 4.00 EUR 20.00 EUR
Water hose guards 6.00 EUR 12.00 EUR
Contingency
1 | Contingency (unforseen costs) 15% 859.64 EUR
SUM (total) 6590.58 EUR
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